Flow behavior of a high carbon steel under hot deformation condition has been studied and a mathematical model for describing the flow stress under isothermal and constant strain rate as well as under nonisothermal and varied strain rates has been developed. For doing so, Bergstrom dislocation model together with the additivity rule for strain have been employed also, hot compression experiments at various temperatures and strain rates have been utilized to achieve the kinetics of dynamic recovery and recrystallization of the high carbon steel. The comparison between the predicted and experimental results under both isothermal and non-isothermal conditions verifies the validity of the proposed model. KEY WORDS: flow stress; finite element method; additivity rule; carbon steel; hot working.
Introduction
The knowledge on flow behavior of engineering materials is a vital requirement to accurately predict strain and temperature fields within the deforming material during industrial forming processes. 1) For this reason, a number of investigations have been conducted to determine stressstrain relationship for different materials. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Regarding to the published researches, it can be found that a few of the conducted studies have been developed without concerning dynamic phase transformations such as dynamic recovery and dynamic recrystallization. [2] [3] [4] Although, the derived constitutive relationships give a good agreement with experimental results however because of the effective role of the dynamic microstructural changes, it can cause some limitation in utilizing these kinds of constitutive equation, for example in case of occurring strain accumulation phenomenon, 5) dynamic recrystallization can be taken place and at this point the flow behavior will be different from what is expected. While in other published research works dynamic recovery and recrystallization have been considered for deriving the flow stress equation but the employed models are applicable only under isothermal and constant strain rate condition. [6] [7] [8] [9] [10] [11] Therefore, using these models for real deformation condition where both temperature and strain rate are varying, may introduce considerable errors into the calculations.
In the present study, hot compression experiments together with Bergstrom 12) dislocation model have been utilized to calculate flow stress of a high carbon steel at austenitic range. Also, for taking into account the influence of variation of temperature and strain rate on flow stress the additivity rule for strain has been employed and nonisothermal hot upsetting tests have been carried out to check the reliability of the model.
Mathematical Model
In the present study, the dislocation model developed by Bergstrom 12) is used to describe flow behavior of austenite at high temperatures. Bergstrom 12) has derived the variation of dislocation density during deformation according to work hardening and dynamic recovery as below: where U and W represent the work hardening and the amount of the dynamic recovery during deformation, respectively. It is worth noting that work hardening and dynamic recovery parameters can be expressed by the following relationships. (7) where s is the instantaneous flow stress, s 0 and s Rec are the yield stress and the steady state flow stress due to dynamic recovery, respectively. During hot deformation, one may ignore the yield stress due to its low magnitude in comparison with the steady state flow stress. 13) So that, the flow stress at constant temperature and strain rate can be written as: (9) where k and n d are dynamic recrystallization parameters depending on chemical composition and hot deformation conditions 1) e c is the critical strain for occurring dynamic recrystallization which has been taken 0.8* e p 14) and e p is the peak strain that can be expressed by the following relationship. (11) here s Rex and s p are the steady state flow stress due to dynamic recrystallization and peak stress, respectively and in order to derive s Rec an extrapolation method was employed using MATLAB.
It is important to note that the above equations have been derived for the isothermal condition and constant strain-rate condition. However, during hot working both the temperature and stain rate are changing. Thus, these equations cannot be used directly. So, in the present study, in order to overcome this problem, the additivity rule is applied to handle the effects of temperature and strain rate changes during deformation. It should be noted that both dynamic recovery and recrystallization rate equations are additive with respect to strain. This is because these kinetics equations are of isokinetic type. 15) Thus, the additivity rule can be applied for these transformations. For doing so, after each deformation increment, the amount of dynamic recovery or recrystallization is predicted utilizing Eq. (8) or (9) depending on the deformation condition and amount of applied strain. Then for the next deformation increment that may occur at a different temperature and strain rate, the effect of the previous phase change on the new condition can be considered with the aid of the additivity rule as follows:
where X i R represents the amount of dynamic recovery related to the deformation in the ith increment and the strain in the next deformation increment (e iϩ1 ) would be:
De ϩ e i * where e i * ϭ ... (13) where De is the size of the deformation increment and e* is the strain corresponds to the amount of dynamic recovery, X i R , at the new forming condition. It is worth noting that, for dynamic recrystallization (if eϾe c ), a similar approach can be adopted as follows:
e iϩ1 ϭDeϩe i * where
where e c iϩ1 and e p iϩ1 are the critical and peak strain at the deformation condition in the new time step, respectively and X i D is the dynamic recrystallization volume fraction at the old time step.
A two-dimensional finite element code for modelling deformation and heat transfer during upsetting process was developed employing the described flow stress model. To determine the temperature field within the deforming material the following equations and boundary conditions were adopted.
.............. (15) where T tool and T ϱ are the tool surface temperature and surrounding temperature, respectively and q represents the rate of heat of deformation. r, c and k are the density, the specific heat and the thermal conductivity of the deforming material, respectively. h con is the interface heat transfer coefficient, which may be described by the empirical equation derived by Hadly et al. 16) ............... (16) Here s s and p r are the mean flow stress and mean applied pressure, respectively, and c 1 is a constant equals to 0.035 mm for C-Mn steels 16) and k t the tool thermal conductivity. To calculate the velocity field, a rigid-viscoplastic finite element formulation was utilized. While the basic energy equation of this method can be described as follows. 17) h k
here s is the effective stress, e¯the effective strain-rate, V volume, and S the boundary surface of subdomain. The friction coefficient is assumed to be constant during deformation and the direction of the force is opposite to the direction of the relative velocity at the contact surface. To describe the friction stress at tool/work-piece interface the equation developed by Chen 18) was employed as below:
................... (18) where k is the shear yield stress, v r the relative velocity between tool and deforming metal, m the friction factor, and a is a positive constant of the order of 10
Ϫ4
. To deal with the correlation between the metal flow and its characteristics as well as the thermal and metal flow behavior of the tool/work-piece system, an iterative solution approach was employed. The variation of the material properties with temperature and strain rate was taken into account. This was carried out on the basis of the initial estimation of the temperature and velocity distribution. Because of the symmetry it was sufficient to include only one quarter of the work-piece in the analysis. In addition, at tool/work-piece interface, the governing equations for the metal and tool have been solved simultaneously. To trace the kinetics of dynamic recrystallization as well as to ensure convergence to the real velocity field in FE analysis particularly under the condition of severe temperature and strain rate variations the employed time step and the mesh size were chosen small enough. Also, in each time step, first the critical strain for occurrence of dynamic recrystallization was checked. If the applied strain was smaller than the critical strain at new deformation condition, only dynamic recovery was considered and if not, the dynamic recrystallization was taken into account for calculating flow stress. This procedure was repeated in the next time steps.
Materials and Experimental Procedures
The material used in this research is a high carbon steel with the chemical composition shown in Table 1 . The steel was heated up to 1 250°C and rolled at this temperature. Hot compression samples were machined out of the hot rolled bars with the deformation axis parallel to the hot rolling direction. A height to diameter ratio of 1.5 was selected for the samples to ensure homogeneous deformation during isothermal experiments. The isothermal hot deformation experiments for deriving the kinetics of dynamic recovery and recrystallization as well as flow curve of deforming steel were carried out on a computerized servo-hydraulic MTS machine with maximum capacity of 100 KN at McGill University. These experiments were carried out at temperatures of 900-1 200°C with strain rates varying between 0.01 to 3 s Ϫ1 as shown in Table 2 . All samples were heated to 1 200°C and held 10 min at this temperature and then cooled to the deformation temperature at which it was held for 3 min to eliminate any thermal gradients before deformation at the constant strain rate. The heating program is presented in Fig. 1 . Additional hot isothermal compression tests were carried out to investigate the effect of initial austenite grain size on dynamic recovery and recrystallization kinetics and flow behavior of steel, for this purpose the above procedures were performed at different soaking times of 20 and 30 min. Also, non-isothermal tests were conducted to verify the proposed model. To do so, upsetting experiments were performed with the work piece initial temperature of 1 200°C and 1 050°C at various ram velocities of 1 to 50 mm/s and the resulting force-displacement curves were recorded.
Modelling Results
Based on the kinetics equations mentioned in the previous section, parameters of rate equations of dynamic recovery and recrystallization can be determined as presented in Figs. 2 and 3 . The rate of dynamic recovery and recrystallization and the overall flow stress of the steel in austenite range have been derived as below: Table 1 . Chemical composition of the high and low carbon steels (mass%). Table 2 . The deformation parameters used for hot compression tests. The comparison between the experimental stress-strain curves under isothermal condition and the derived ones utilizing Eq. (19) is presented in Fig. 5 . As it is observed there is a good consistency between the two sets of results. However, as mentioned before at real hot deformation condition both strain rate and temperature vary. To check the capability of the proposed model at real condition, nonisothermal upsetting experiments were performed at various deformation conditions. The comparison between the achieving experimental results and the predicted ones are displayed in Fig. 6 that verifies the validity of the flow stress model. Also, by the aid of the developed rate equations and coupling them with the finite element model, occurring dynamic recovery and recrystallization can be traced at different points of the deforming material. For example, Figs. 7 and 8 display the developed temperature contour as well as mesh distortion during non-isothermal upsetting and the progress of dynamic recovery at different regions, respectively. As it is observed due to the inhomogeneous distribution of temperature and strain rate the kinetics of the dynamic recovery varies at different region of deforming body. In addition, at low strain rates or high temperature it is possible to take place dynamic recrystallization, 14) Fig. 9 presents the progress of dynamic recrystallization at different regions of the deforming metal at the ram speed of 1 mm/s and the initial temperature of 1 200°C. It should be noted that due to the lower temperature at the surface area dynamic recrystallization does not occur completely. 8) However, at the inner regions where the temperature drop is not very high and applied strain is larger in comparison with surface area, dynamic recrystallization takes place completely as depicted in Fig. 9 (position 1).
Conclusions
In the present paper, a model has been proposed to handle the instantaneous flow stress at real hot deformation condition and also a finite element code for analyzing upsetting process has been developed based on the proposed flow stress model. To verify the results of the mathematical model, the experimental force-stroke data under nonisothermal condition was compared with the predicted result that confirms the reliability of the model and the generated code. Also, the developed model is capable of predicting temperature and strain filed as well as the progress of dynamic recovery and recrystallization of a high carbon steel in austenite range during hot non-isothermal upsetting process that can be used as a guideline for controlling the microstructure during hot forming process. 
